A serious debate has arisen in the development of spintronics regarding contradictory findings on whether or not anomalous Hall effect ͑AHE͒ represents the spin polarization nature of carriers in diluted magnetic semiconductors ͑DMS͒ and oxides ͑DMO͒. Based on our results and on the common AHE characteristics of others reports, here we suggest that only those AHEs for DMSs or DMO which match quantitatively with the magnetic hysteresis loop and which follow the 1.6 scaling relation represent the spin polarization nature of carriers. However, these criteria cannot be used to determine the percentage of magnetic precipitation or of the spin polarized current. © 2010 American Institute of Physics. ͓doi:10.1063/1.3431294͔
A major issue for room temperature ͑RT͒ diluted magnetic oxides ͑DMO͒ is whether the observed ferromagnetism is intrinsic or extrinsic; 1 in other words, whether or not the electronic band is polarized. Even though a superconducting quantum interference device ͑SQUID͒ can provide the overall average magnetic state of the sample and rigorous measurements such as x-ray absorption spectroscopy or transmission electron microscopy can be used to characterize the microstructure of DMO materials, the correlation between the magnetic state and the microstructure is not adequate to distinguish intrinsic or extrinsic spin polarization in the electronic structure. An alternative method is still needed to determine the existence of spin polarized current. 1 Unfortunately, dependable tools for detecting the spin polarization in the electronic structure, such as optical magnetic circular dichroism, [2] [3] [4] cannot be accessed in most laboratories, and field-control magnetization 5, 6 and magnetic tunneling junction measurement methods 7 are too complicated to easily judge spin polarization characteristics before further processing into spintronic devices. Ferromagnetic ordering was formerly assumed to generate an anomalous Hall effect ͑AHE͒. 8 Such ordering could be caused by the exchange interaction between isolated magnetic sites and itinerant carriers, the bounded spin charge, or the spin-orbit interaction between them. Since AHE is merely a transport measurement and is accessible for most researchers, the probing of an AHE signal has been assumed to be a useful tool for characterizing the intrinsic ferromagnetism and providing evidence of the presence of the spin polarized current.
For example, the AHE signal of p-type III-V, ͑Ga,Mn͒As 9 and ͑In,Mn͒As, 10,11 magnetic semiconductors is relatively larger ͑ϳ10 −3 ⍀ cm͒ than its ordinary Hall effect signal at low field which manifests the same hysteresis loop as in magnetic hysteresis ͑M-H͒ measurement. Therefore, AHE was regarded as a substitute for M-T or M-H measurements in the III-V magnetic semiconducting system. Similarly, the AHE in some TM-doped samples, such as Co: TiO 2 and Co:ZnO DMO, has been observed [12] [13] [14] [15] at much weaker magnitudes of 10 −8 -10 −7 ⍀ cm; the AHE of these samples corresponded to the intrinsic DMS or DMO properties that had been identified by directly observing the magnetic tunneling or by having been made into spin-polarized devices. 7, 16, 17 However, observing AHE alone is not adequate to conclude that the material is an intrinsic DMO or conducts by the spin polarized current. Ramaneti et al. 18 observed an obvious AHE response in the anatase Ti 0.986 Co 0.014 O 2 sample but they concluded that the AHE was governed by a side jump mechanism for they discovered AHE ␣ xx 2 . The AHE response was detected in a Co 5% -͑La, Sr͒TiO 3 sample 19 containing scattered Co clusters in the nonmagnetic ͑La, Sr͒TiO 3 matrix. They suspected that the weak AHE originated from the spin-carrier interaction around these nonpercolated Coclusters and their nearby itinerant carriers-totally opposite from Toyosaki's proposal 12 that the nonpercolated magnetic ion clusters contribute nothing to the AHE signal. Surprisingly, the AHE is also observed in the nonmagnetic Zn 0.985 Cu 0.015 O ͑Ref. 20͒ sample or other nonmagnetic material. Considering these examples, additional properties together with AHE measurement are needed to concretely distinguish the presence of intrinsic DMSs and DMOs and the existence of spin polarized current.
An analysis of this preceeding data suggests that two additional criteria, along with the observation of AHE, may adequately determine the presence of spin polarized current. The AHE loops in ͑Ga,Mn͒As, 9 ͑In,Mn͒As, uted to several possible mechanisms such as the Berry phase 22 was observed in many other systems that had been proven to be intrinsic DMS or DMO. As shown in Table I , though Ti 1−x Co x O 2 ͑Ref. 21͒ has quantitatively matched AHE with M-H loops, its scaling phenomenon does not follow the 1.6 scaling relation but can be attributed to a side jump mechanism. The Co 5% -͑La, Sr͒TiO 3 ͑Ref. 19͒ and Zn 0.985 Cu 0.015 O ͑Ref. 20͒ samples do not follow the 1.6 scaling relation at all. Therefore, the 1.6 scaling relation must be one of the important parameters to support the identification of the intrinsic DMO.
This study measures AHE and magnetic precipitations in Co:ZnO samples as an indicator of the intrinsic DMO or spin polarized current. Two sets of Co-doped ZnO samples, one each of intrinsic and extrinsic properties, were grown by a multilayer ␦-doping technique 23 and the measurements under various post treatments were studied. 24 The magnetic properties were characterized by a commercial SQUID. The weak AHE signal was measured by a standard Hall bar geometry and the electronic system and sequence are enhanced by using a noise reduction circuit combined with a digitizing measurement technique. 15 The x-ray absorption near edge spectra on Co K-edge for both Co:ZnO samples are plotted in the insert of Fig. 1 . The sample with the lowest content of Co, 0.06%, is believed to be the one free from Co-clusters and manifests only a clear 1s to 3d pre-edge feature around 7709 eV, which is characteristic of substitutional Co 2+ in ZnO, 25 and can be treated as a base line. The curve for the sample with 3.5% Co content ͑Co-3.5%:ZnO͒ overlaps exactly with that of the Co-0.06%:ZnO sample indicating the Co-3.5%:ZnO sample as a solid-solute intrinsic DMO sample free from Co precipitates. When the doping of Co increases to 5% shown as the open triangle curve, partial precipitation of Co occurs and can be fitted by a combination of the curves for the 25% Co clusters and the 75% solid-solute DMO shown as the red curve. 26 This indicates that the precipitation of Co-clusters is simply precipitated from the ZnO matrix when the doping of Co exceeds the solubility limit of Co in the ZnO matrix, which is 3.75% for the Co-5%:ZnO films. Interestingly, the precipitation of Co clusters does not change after annealing. Therefore, any change in AHE or magnetization measurements directly corresponds to the physical property change in the saturated DMO. The Co-3.5%:ZnO sample is, in turn, slightly below the solubility limit of Co in ZnO. Therefore, any change in physical response to vacuum annealing should be similar to that of the Co-5%:ZnO sample.
After the vacuum annealing processes, a decrease is found in the longitudinal resistance ͑ xx ͒, the ordinary Hall resistivity ͑ OHE ͒, the saturated anomalous Hall resistivity ͑ AHE s ͒, and the saturated magnetization ͑M s ͒ at RT for both films. All these parameters are listed in Table II Table II , the average carrier concentration for both batch samples increases after the vacuum processing. The increment of n can be attributed to the introduction of excess oxygen vacancies ͑V O ͒ by the vacuum annealing process. The more oxygen vacancies generated by a vacuum annealing process, the more carriers may be thermally excited to the conduction band and the more localized carriers around V O may hop easily to nearby empty sites. As a result of this, the n increases and the resistivity decreases. Surprisingly, the increment of n did not enhance the capabil-FIG. 1. ͑Color online͒ Normalized absorption spectra of the Co-5%:ZnO films before ͑open triangle͒ and after vacuum annealing ͑solid triangle͒, and the 3.5% ͑open circle͒ and Co-0.06%:ZnO ͑open square͒ films as-grown. The spectrum of a Co foil is also provided as the dash line. The solid curve is simulated by combining the curves of the 25% Co metal clusters and the 75% solid-solute DMO. Inset is the matching of M-H curves to AHE -H curves for ͑a͒ Co-5%:ZnO as grown film, ͑b͒ Co-5%:ZnO vacuum annealed film, ͑c͒ Co-3.5%:ZnO as grown film, and ͑d͒ Co-3.5%:ZnO vacuum annealed film. ity of carriers in mediating the magnetic coupling between magnetic ions. Instead, the overall M S of the Co-3.5%:ZnO samples decreases sharply, from 45 to 3 emu/ cm 3 . Since the percentage of Co precipitation does not change with vacuum annealing, thus, the decrease in resistivity and magnetization reflects the intrinsic change in the solid-solute ZnO host. The increase in carrier concentration in the conduction band and the decrease in M s after vacuum annealing reflect the fact that these conduction carriers in the conduction band did not contribute magnetic coupling to the system. An adjustment of the vertical scales of these AHE and M-H loops produces a perfect match, as shown in Fig. 1 . Therefore, extrinsic AHE in nonmagnetic materials can be ruled out. The calculated Hall and longitudinal conductivities all follow the 1.6 scaling relation for all present samples, as shown in Fig. 2 . This analysis sets the two following clear and reasonable criteria: ͑1͒ the quantitative matching of the AHE and M-H loops and ͑2͒ the following of 1.6 scaling relation. Our data has proven to follow both criteria and can therefore be regarded as DMOs. The Co precipitations neither affect the proposed criteria, nor generate an AHE signal, similar to what Yokosaki proposed.
In conclusion, when the concentration of these magneticclusters is well below the percolation limit, they do not contribute to AHE signal. Two criteria can be set to determine the existence of the spin polarized current as follows: ͑1͒ the quantitative matching of the AHE and M-H loops and ͑2͒ the following of 1.6 scaling relation. However, because only part of the carriers, hopping within localized states, can mediate the magnetic coupling and provide the spin polarized current, the normal current with no spin coherent in fact coexists with the spin polarized current. These criteria cannot be used to determine the percentage of the magnetic precipitation or of the spin polarized current. 
